Electronic Nematicity in Pseudogap-like Phase diagram of NaFei^Co^As 
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Electronic nematicity, which breaks the C4 ro- 
tational symmetry of underlying lattice, has been 
observed by various techniques in underdoped 
ferropnictides, accompanying the structural tran- 
sition from tetragonal to orthorhombic. Recent 
magnetic torque measurements suggest that the 
electronic nematicity develops above the struc- 
tural and superconducting transitions. However, 
there lacks evidence directly related to electronic 
excitations for the nematic transition. Symme- 
try breaking in electronic states can change low- 
lying electronic excitations and manifest itself 
in transport properties. Here we report elec- 
tronic transport measurements on single crys- 
tals of NaFei_ I Co I As system. We found that 
the cotangent of Hall angle, cot#H, follows In- 
dependence in all the superconducting samples. 
A deviation develops below a characteristic tem- 
perature T* well above the structural and su- 
perconducting transitions, accompanied by a de- 
parture from power-law temperature dependence 
and the emergence of in-plane anisotropy in re- 
sistivity. These properties signify the emergence 
of electronic nematicity, which is found to exist 
in the whole superconducting regime. The dop- 
ing dependence of T* resembles the crossover line 
of pseudogap phase in cuprates. Our finding sug- 
gests that the electronic nematicity plays an im- 
portant role for superconductivity. 

The ferropnictidc and cuprate high-temperature super- 
conductors share some key similarities - an antiferroma- 
gentism in parent compounds, the quasi-two-dimensional 
nature of superconducting CuO-i and FeAs layers [H-Q; 
and the emerging superconductivity realized by suppress- 
ing the antiferromagnetic ground states [1, 0] • A natural 
question is whether the two families have the same mech- 
anism for superconductivity. In cuprate compounds, the 
nature of pseudogap phase is a key issue in understanding 
the high-temperature superconductivity. The evidence 
from resistivity H , Nernst effect 0, inelastic neutron 
scattering l3-12| and scanning tunnelling spectroscopy 



13l 14 1 indicated that the pseudogap phase is an elec- 
tronic state that breaks rotational symmetry of underly- 
ing lattice with stripe or nematic order. Compared with 
the phase diagram of cuprates, the current interest in 
ferropnictides lies in the peculiar normal-state proper- 
ties of these materials to detect whether there exists a 
pseudogap-like state. 

In ferropnictides, the electronic nematicity has been 
detected by in-plane resistivity anisotropy [la ], band 
structure measurements [la) , scanning tunnelling spec- 
troscopy 17 1 and inelastic neutron scattering [l8[. In 
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these studies, the structural distortions that break the 
crystal's C4 rotational symmetry may apply external 
driving forces to induce the electronic nematicity. Very 
recently, magnetic torque measurements by Kasahara 
et al. revealed a nematic transition at high tempera- 
tures above the structural and superconducting transi- 
tions in BaFe2{As\^ x P x )2, with a characteristic temper- 
ature similar to the pseudogap crossover in cuprate su- 
perconductors [l9[ . Without the potential external driv- 
ing forces from the lattice, this transition can be consid- 
ered to be induced by the electronic system only. 

However, there lacks evidence directly related to the 
electronic properties of the high-temperature nematic 
transition reported by Kasahara et al.. For an evident 
phase transition, such as the superconducting, antifer- 
romagnetic and structural transitions in ferropnictides, 
specific heat data show anomalies at corresponding tem- 
peratures (see the supplementary materials). In contrast, 
there is no such a feature in specific heat for the high- 
temperature nematic transition. It becomes nontrivial 
to locate the crossover line and determine the phase dia- 
gram. On the other hand, electronic transport measure- 
ments is a fine method to examine the nematic transi- 
tion and can provide more clues on electronic behavior 
of the nematic state, because the symmetry breaking of 
nematicity can change the low-energy electronic excita- 
tions, though the precise microscopic origin and nature of 
the nematic state could be very different. In this report, 
we study the nematic state by the resistivity and Hall co- 
efficient measurements on high-quality single crystals of 
NaFe\- x Co x As. At high temperatures, the Hall angle, 
6*h, reveals T 3 -dependence for superconducting samples. 
Below a crossover temperature T*, the resistivity and 
Hall angle deviate from power-law temperature depen- 
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dence, and an in-plane anisotropic resistivity emerges, 
signifying the setting in of the nematic state. In the elec- 
tronic phase diagram, T* depicts a characteristic tem- 
perature similar to the pseudogap crossover in cuprate 
superconductors . 
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dogap crossover line can be conveniently obtained by this 
method 21|. Here, we made power law fitting on the re- 
sistivity data with formula p xx — A + B x T a and show 
them in Fig.lA. One can see that the resistivity follows 
power-law dependence at high temperature and starts to 
deviate at a characteristic temperature, T\ for all the 
samples. The doping dependence of will be shown in 
Fig. 4. For the heavily overdoped non-superconducting 
sample [x = 0.109), no deviation from the power-law de- 
pendence can be observed. Moreover, a consistent tem- 
perature scale can be obtained by the anisotropy of in- 
plane resistivity. The upper panel of Fig. IB shows the 
temperature dependence of in-plane resistivity with the 
current flowing parallel to the orthorhombic a and b di- 
rections of detwinned crystals with x — 0.010 and 0.017, 
respectively. An evident anisotropy appears well above 
the T s , being consistent with previous reports |22| . 
In the lower panel of Fig. IB, the values of Pb/p a start 
to deviate from 1 around 120 K, which are in excellent 
agreement with (see Fig. 4). Here, we mark the tem- 
perature scale as T'. 



FIG. 1: (Color online) (A) Temperature dependence of in- 
plane resistivity, p xx , for various crystals of NaFei- x Co x As. 
The solid lines are the fitting of in-plane resistivity vs. power- 
law temperature dependence, p xx — A + B x T a . A charac- 
teristic temperature, T\ is obtained, at which the resistivity 
deviates from the power-law behavior. The power-law expo- 
nent, a, decreases from 2.23 for the undoped crystal to 1.43 
for the optimally doped sample, and then increases to 1.90 in 
the heavily overdoped non-superconducting crystal. To accu- 
rately determine the T\ we plot (p xx -A)/T a vs temperature 
in Fig.S4 (see supplementary information). In Fig.S4, one 
can easily see that p xx starts to deviate from the power-law 
temperature dependence at . (B) Upper panel, in-plane re- 
sistivity of underdoped NaFei- x Co x As crystals (x = 0.010 
and 0.017) with the electric current flow along a and b di- 
rections, respectively; Lower panel, pb/pa for x = 0.010 and 
0.017. The anisotropy starts at the T' marked by arrows, 
consistent with the temperature of T^. 

We carefully measured the resistivity and Hall coeffi- 
cient on single crystals of NaFe\- x Co x As system with 
x = — 0.109 ranging from the parent compound to 
the heavily overdoped non-superconducting composition. 
Temperature dependence of resistivity is shown in the 
supplementary materials for all samples. The typical 
resistivity data are displayed in Fig.lA. For the parent 
compound and the underdoped crystals, there exists an 
upturn in resistivity below 50 K due to the structural and 
spin density wave (SDW) transitions [2fj. An evident fea- 
ture is that the resistivity curvature changes well above 
the T s in parent compound and all underdoped samples. 
For the optimally doped and overdoped crystals, there 
seems no anomaly in the normal-state resistivity. In the 
high-temperature cuprate superconductors, the mapping 
of in-plane resistivity curvature is a useful way to deter- 
mine electronic phase diagrams. In particular, the pseu- 
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FIG. 2: (Color online) (A) Temperature dependence of Hall 
coefficient, Rh, for various single crystals of NaFe\- x Co x As. 
(B) The cotangent of Hall angle, cotfe, vs. tempera- 
ture power-law T a , with a = 4 for parent compound (up- 
per panel), a = 3 for all the superconducting crystals 
(lower panel), and a — 2 for the heavily overdoped non- 
superconducting sample (inset of upper panel). 



Figure 2A shows the temperature dependence of 
Hall coefficients, i?H, for various single crystals of 
NaFe\- x Co x As. The Hall coefficients show a system- 
atic evolution with increasing Co doping with a strong 
temperature dependence. The magnitude of Hall co- 
efficients at room temperature increases upon Co dop- 
ing, and then sharply decreases for the heavily over- 
doped non-superconducting sample with a value smaller 
than those of superconducting samples. It is worth not- 
ing that the Hall coefficient in the non-superconducting 
x = 0.109 compound is nearly independent of tempera- 
ture, bearing a feature that is usually found in a conven- 
tional Fermi-liquid metal. This behavior suggests that 
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NaFe\- x Co x As becomes a traditional metallic material 
at very high doping levels. The abrupt increase below 50 
K in magnitude of Hall coefficients for the underdoped 
samples is due to the structural transition. The com- 
plicated properties of temperature dependent Hall coef- 
ficients can be expressed in a simple fashion by look- 
ing at the cotangent of Hall angle: cot^n = Pxx/Pxy 
[23j as shown in Fig. 2B. It is interesting to notice 
that cot#H shows power-law temperature dependence for 
all the single crystals of NaFe\- x Co x As: T A for the 
parent compound, approximately T 3 for all the super- 
conducting crystals, and T 2 for the heavily-overdoped 
non-superconducting sample. T Q -dependent cot^jj with 
a=2.5 ~ 3.0 has been reported in BaFe2_a;Co x As2 single 
crystal s 1241 . In cuprates, cot#n behaves approximately 
as T 2 [23J, regardless of materials and doping level, ex- 
cept that T 4 -dependence is found in the electron-doped 
cuprates [25}, which is interpreted by the multi-band ef- 
fect with different contributions from various bands. 
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FIG. 3: (Color online) Plots of (cotfe - C)/T a vs. T for the 
single crystals of NaFei- x Co x As. The power-law tempera- 
ture dependence of cot#H persists down to the characteristic 
temperature T* (marked by arrows), and then a deviation 
starts. 

A careful examination on Fig. 2B indicates slight cur- 
vatures in the plot, suggesting that the best power-laws 
in a wide temperature range deviate from an integer a. 
Fig. 3 shows plots of (cot H - C)/T a vs. T for all the 
samples, in which the power-law temperature dependence 
is canceled out, so that one can easily see the tempera- 
ture range in which the T a behavior holds well. Here, C 
is the offset value and a is the best power. In Fig. 3, the 



power-law temperature dependent cot6>H holds very well 
down to a characteristic temperature, J 1 *, for all the sam- 
ples. Below T* , cot6>H departs from the power-law (T a ) 
behavior. This characteristic temperature decreases with 
increasing Co doping and goes to zero in the heavily over- 
doped non-superconducting sample. 
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FIG. 4: (Color online) Phase diagram of NaFei-^CoxAs 
system. The superconducting transition temperature, T c , 
spin density wave (SDW) transition temperature, Tsdw, and 
structural transition temperature, T s , were determined from 
resistivity, susceptibility and specific heat measurements by 
our group [2(j. For the parent compound, the specific heat 
shows the structural and SDW transitions with no anomaly 
at T c , suggesting a filamentary superconductivity. , T 1 and 
T* were determined in Figs. 1A, IB and Fig. 3, respectively. 
No anomaly is observed at and T* in specific heat measure- 
ments, suggesting these characteristic temperatures signify a 
nematic crossover, not a true phase transition. 

Fig. 4 shows the phase diagram and we plot T>, T' 
and T* determined in Fig. 1 and Fig. 3 as a function of 
doping. The three characteristic temperatures are highly 
consistent with each other, though they are obtained by 
different methods. Generally, both TT and T* decreases 
with increasing Co doping, and goes to zero at the doping 
level x = 0.109 where T c goes to zero. The phase dia- 
gram in Fig. 4 is quite similar to the pseudogap phase 
diagram of the high-temperature cuprate superconduc- 
tors. Indeed, the deviation of cot 6*h from T 2 depen- 
dence has been used to characterize the onset of pseu- 
dogap in hole-doped cuprate superconductors [26j], and 
the pseudogap crossover line can be conveniently deter- 
mined by resistivity curvature mapping [2ll ] . Here, these 
methods were used to determine the and T* and re- 
veal the crossover line above the structural and super- 
conducting transitions. Our data strongly suggests that 
a pseudogap-like crossover occurs at the T* in ferropnic- 
tide superconductors. 

A natural question is what happens below the T*. 
Without the driving forces from structural or magnetic 
transitions, the T* indicates a crossover with purely elec- 
tronic origin. A highly plausible scenario is that the 
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electronic nematic state sets in below the characteristic 
temperature. Indeed, a similar pseudogap-like crossover 
induced by electronic nematicity has been observed in 
BaFe2{Asi- x P x )2 well above the structural and super- 
conducting transitions (l9|. The symmetry breaking of 
electronic states can affect the low-energy electronic ex- 
citations, which can manifest itself in the electronic trans- 
port measurements. Although there may exist many do- 
mains in a single crystal, the changes induced by the ne- 
matic symmetry breaking in individual domains can give 
rise to a global variation in electronic transport prop- 
erties. The anisotropic behavior of in-plane resistivity 
shown in Fig. IB is considered to be due to electronic 
nematicity. The temperature scale, T', is in excellent 
agreement with the T> and T* determined by resistivity 
and Hall angle (see Fig. 4). The consistency reinforces 
our point of view that the crossover temperature T* or 
T T in the phase diagram arises from the electronic ne- 
maticity. 

Fig. 2B shows that the Hall angle exhibits approximate 
T 3 -dependence for all the superconducting crystals, while 
the parent compound with filamentary superconductivity 
and the heavily overdoped non-superconducting crystal 
exhibit a different behavior. This finding suggests that 
the Independence of cot#n is tied to the superconduct- 
ing region, though this behavior occurs right above the 
characteristic temperature of electronic nematicity. The 
electronic nematicity in multi-band ferropnictide com- 
pounds, driven either by the magnetic degeneracy of two 
SDW modes (7T,0) and (0,7r) through the Pomeranchuk 
instability (27H30j . or by orbital order /fluctuations [3l|, 
l3^ |. considerably affects the high-temperature transport 
properties of NaFe\- x Co x As through the nematic fluc- 
tuations. In Co-doped NaFeAs compounds the conduct- 
ing carriers consist of hole-type and electron-type. The 
former comes from the hole bands around the T point and 
the latter from the electron bands around the M point. 
The Hall angle determined by these two types of carriers 
reads: 



components lead to a Hall angle with 
cot 6 H ^C + 7T 3 



(2) 



cot 



PhPeXPe + Ph) 
p 2 h R e + P \R h 



(1) 



with p Et h and Re^ denoting the resistivities and Hall co- 
efficients of the electron and hole carriers, respectively. 
Above T* , the nematic order is destroyed by thermal 
excitations, and the nematic order parameter vanishes. 
However, the correlation scattering from nematic fluctu- 
ations gives rise to a non-Fermi liquid term in the resis- 
tivity of electron carriers, p e = a + bx(T-T*), though it 
has little effect on the resistivity of hole carriers. On the 
other hand, the electron-electron scattering dominates 
the resistivity of hole carriers, ph —AT 2 /ep, due to the 
fact that the hole bandwidth is comparable with the ther- 
mal energy ksT. The Hall coefficients of the hole and 
electron carriers are expected to be Roc a + j3/T. These 



in the high temperature regime, where 7 and C are two 
negative constants in the high-temperature regime, in ac- 
cord with our data. Therefore, the consideration of ne- 
matic fluctuations, together with the contributions of the 
electron and hole bands to the resistivity, addresses the 
T 3 -law of the Hall angle. A detailed theoretical anal- 
ysis and the fitting to the experimental data are given 
in the supplementary materials. The fitting of Hall an- 
gle, Hall coefficient and resistivity by our model bear a 
self-consistent result. Given the facts that the nematic 
crossover covers the whole superconducting regime and 
that the T 3 of the Hall angle is tied to only supercon- 
ducting compounds, our data suggest that electronic ne- 
maticity plays an important role for superconductivity. 

Our electronic transport studies reveal the existence of 
electronic nematicity, which sets in at a crossover tem- 
perature well above structural and magnetic transitions. 
In the phase diagram of NaFe\- x Co x As, the crossover 
line resembles the pseudogap phase diagram in cuprate 
superconductors. An interesting phenomenon is that the 
Hall angle reveals approximate T 3 -dependence of cot6*H 
in the whole superconducting regime, suggesting this be- 
haivor is associated with bulk superconductivity in fer- 
ropnictides. The theoretical analysis based on the ne- 
matic fluctuation provides a reasonable explanation on 
T 3 -dependcncc of cot^n- These findings shed light on 
the mechanism of the high-temperature superconductiv- 
ity in ferropnictides and potentially the superconductiv- 
ity in cuprates as well. 
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